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Cross Reference to Related Applications 

This patent application is related to co-pending, commonly-owned U.S. Patent 
Application 10/016,524 entitled "Flexible Track Drilling Machine" filed December 10, 2001, 
and to the following concurrently-filed, commonly-owned U.S. patent applications: 

20 "Methods and Apparatus for Counterbalance-Assisted Manufacturing Operations" bearing 
attorney docket number BING-1-1002, "Methods and Apparatus for Track Members Having 
a Neutral- Axis Rack" bearing attorney docket number BING-1-1004, "Apparatus and 
Methods for Manufacturing Operations Using Non-Contact Position Sensing" bearing 
attorney docket number BING- 1-1005, and "Apparatus and Methods for Servo-Controlled 

25 Manufacturing Operations" bearing attorney docket number BING- 1 - 1 006. 
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Field of the Invention 

The present disclosure relates to methods and apparatus for manufacturing operations 
using opposing-force support systems, and more specifically, to methods and apparatus for 
drilling operations on aircraft fuselage sections using adjacent hole clamp-up systems. 

5 

Background of the Invention 
The fabrication of large structures may involve the drilling of a large number of holes 
in the components of the structure. Conventional structures that require a large number of 
drilling operations include, for example, aircraft, missiles, ships, railcars, sheet metal 

10 buildings, and other similar structures. In particular, conventional aircraft fabrication 
processes typically involve the drilling of a large number of holes in wing sections of the 
aircraft to allow these sections to be attached to each other and to the airframe. 

A variety of devices have been developed to facilitate drilling operations involving 
the drilling of a large number of holes. For example, U.S. Patent No. 4,850,763 issued to 

15 Jack et ah discloses a drilling system that includes a pair of rails temporarily attached to an 
aircraft fuselage. A support carriage is slideably coupled to the rails and supports a drill 
assembly. A template attached to the aircraft fuselage provides an index for the desired 
locations of the holes that are to be formed in the aircraft fuselage. As the carriage is moved 
along the rails, a locking mechanism (or trigger) interacts with the template to securely 

20 position the carriage for a subsequent drilling operation. 

Although desirable results have been achieved using the prior art drilling systems, 
some disadvantages have been noted. For example, the performance of prior art drill 
assemblies may be reduced when operating on relatively lighter, more flexible structures. In 
such cases, drill thrust may become too high and may cause undesirable bending or structural 

25 deflection of the workpiece, which may in turn result in reduced hole quality. Also, on such 
relatively light, flexible structures, the forces applied by the drilling system on the structure 
may require careful control to avoid overexertion against the structure. This may slow the 
manufacturing operation and reduce throughput. For the foregoing reasons, an unmet need 
exists for an improved support assembly for performing manufacturing operations, including 

30 drilling operations. 



Summary of the Invention 
The present invention is directed to apparatus and methods for manufacturing 
operations using opposing-force support systems, and more specifically, to methods and 
35 apparatus for drilling operations on aircraft fuselage sections using hole clamp-up systems. 
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Apparatus and methods in accordance with the present invention may advantageously 
prevent deflections of a workpiece during a manufacturing operation, thereby improving the 
accuracy, consistency, efficiency, and throughput of the manufacturing operation. 

In one embodiment, an apparatus for supporting a manufacturing tool relative to a 
5 workpiece includes a track assembly adapted to be attached to the workpiece, and a carriage 
moveably coupled to the track assembly. The carriage includes a tool support adapted to 
receive and support a manufacturing tool An opposing-force support assembly is 
operatively coupled to the carriage and is adapted to be secured to the workpiece. The 
opposing-force support assembly at least partially counterbalances a manufacturing force 
10 exerted on the workpiece by the manufacturing tool. 



Brief Description of the Drawings 

The preferred and alternative embodiments of the present invention are described in 
detail below with reference to the following drawings. 
15 FIGURE 1 is a front isometric view of a manufacturing assembly having an 

opposing-force support assembly for performing manufacturing operations on a workpiece in 
accordance with an embodiment of the invention; 

FIGURE 2 is a rear isometric view of the manufacturing assembly of FIGURE 1; 

FIGURE 3 is a lower isometric view of the manufacturing assembly of FIGURE 1; 
20 FIGURE 4 is an enlarged, front isometric view of the opposing-force support 

assembly of the manufacturing assembly of FIGURE 1 ; 

FIGURE 5 is an enlarged, rear isometric view of the opposing-force support assembly 
of the manufacturing assembly of FIGURE 1 ; 

FIGURE 6 is an upper isometric view of a track assembly and a carriage assembly for 
25 in accordance with an alternate embodiment of the invention; 

FIGURE 7 is another upper isometric view of the track assembly and a portion of the 
carriage assembly of FIGURE 6; and 

FIGURE 8 is a lower isometric view of the track assembly and a portion of the 
carriage assembly of FIGURE 6. 

30 

Detailed Description of the Invention 

The present invention relates to apparatus and methods for manufacturing operations 
using opposing-force support systems. Many specific details of certain embodiments of the 
invention are set forth in the following description and in FIGURES 1-8 to provide a 
35 thorough understanding of such embodiments. One skilled in the art, however, will 
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understand that the present invention may have additional embodiments, or that the present 
invention may be practiced without several of the details described in the following 
description. 

FIGURE 1 is a front isometric view of a manufacturing assembly 100 having an 
5 opposing-force support assembly 160 for performing manufacturing operations on a 
workpiece 102 in accordance with an embodiment of the invention. In this embodiment, the 
manufacturing assembly 100 includes a track assembly 110 attachable to the workpiece 102, 
and a carriage assembly 120 moveably coupled to the track assembly 110. A tool assembly 
150 (e.g. a drilling assembly) is operatively coupled to the carriage assembly 120 such that 

10 the tool assembly 150 may be engaged with the workpiece 102. As shown in FIGURE 1, the 
opposing-force support assembly 160 is coupled to the carriage assembly 120 and is 
detachably secured to the workpiece 102. Because the opposing-force support assembly 160 
may support the workpiece 102 during manufacturing operations, the manufacturing 
assembly 100 may advantageously reduce or eliminate deflections of the workpiece 102, and 

15 may improve the efficiency and quality of the manufacturing operation, as described more 
fully below. 

FIGURES 2 and 3 are rear and lower isometric views, respectively, of the 
manufacturing assembly 100 of FIGURE 1. In this embodiment, the track assembly 110 
includes a pair of beams 1 12, each beam 1 12 being equipped with a plurality of vacuum cup 

20 assemblies 1 14. The vacuum cup assemblies 1 14 are fluidly coupled to one or more vacuum 
lines 116 leading to a vacuum source 118 (not shown), such as a vacuum pump or the like, 
such that vacuum may be controllably applied to (and removed from) the vacuum cup 
assemblies 114 during, for example, mounting, re-positioning, and removal of the track 
assembly 1 10 to and from the workpiece 102. The vacuum cup assemblies 1 14 are of known 

25 construction and may be of the type disclosed, for example, in U.S. Patent No. 6,467,385 Bl 
issued to Buttrick et al. 9 or U.S. Patent No. 6,210,084 Bl issued to Banks et al. In alternate 
embodiments, the vacuum cup assemblies 114 may be replaced with other types of 
attachment assemblies, including magnetic attachment assemblies, bolts or other threaded 
attachment members, or any other suitable attachment assemblies. 

30 With continued reference to FIGURES 1-3, the carriage assembly 120 includes an x- 

axis (or first) carriage 122 and a y-axis (or second) carriage 124. The x-axis carriage 122 
includes a base member 126 having a plurality of rollers 128 that rollably engage the edges 
of the beams 112. Thus, the x-axis carriage 122 may translate back and forth along the 
length of the beams 112 along an x-axis that is aligned with the longitudinal axes of the 

35 beams 112. In alternate embodiments, the rollers 128 may be replaced with carriage 
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bearings, gears, slide members, rubber wheels, or other suitable coupling devices. In one 
particular embodiment, the rollers 128 may be replaced with pinion gears that engage a 
toothed or serrated rack portion of one or both of the beams 112. As shown in FIGURE 2, 
the x-axis carriage 122 further includes a first drive motor 130 that is operatively coupled to a 
5 first gear 132. In this embodiment, the first gear 132 projects through the base member 126 
and engages with drive apertures 113 disposed in one of the beams 112. A controller 134 is 
positioned on the x-axis carriage 122 and is operatively coupled to the first drive motor 130. 

Similarly, the y-axis carriage 124 includes a support member 136 slideably coupled to 
a slot 138 disposed in the base member 126 of the x-axis carriage 122 (FIGURE 1). A 
10 second drive motor 140 is attached to the x-axis carriage 122 and to the support member 136, 
and is also operatively coupled to the controller 134. As shown in FIGURE 1, in this 
embodiment, the second drive motor 140 drives a shaft (or screw) 142 that engages a ball nut 
144 coupled to the support member 136. Thus, the second drive motor 140 may drive the 
support member 136 of the y-axis carriage 124 along a y-axis oriented transversely to the x- 



As best shown in FIGURE 1, the tool assembly 150 is coupled to the support member 
136 of the y-axis carriage 124 and may be operatively coupled to the controller 134. In this 
embodiment, the tool assembly 150 includes a drill spindle module 152 and a pressure foot 
154 (FIGURE 3) that is controllably engageable with the workpiece 102 during a drilling 

20 operation. The drill spindle module 152 is controllably engageable with the workpiece 102 
along a z-axis which is approximately aligned with a local normal to the workpiece 102. The 
drill spindle module 152 may be any known drilling device suitable for performing drilling 
operations, including, for example, those drilling devices commercially-available from 
Cooper Tools, Inc. of Lexington, South Carolina, West Coast Industries, Inc. of Seattle, 

25 Washington, Recoules, S.A. of Ozoir-la-Ferriere, France, or from Global Industrial 
Technologies, Inc. of Dallas, Texas. 

FIGURES 4 and 5 are enlarged, front and rear isometric views, respectively, of the 
opposing- force support assembly 160 of the manufacturing assembly 100 of FIGURE 1. In 
this embodiment, the opposing-force support assembly 160 includes a clamp-up actuator 162 

30 having a clamp-up pin 164 that is engageable with the workpiece 102. A first (or y-axis) 
actuator 166 is coupled to the clamp-up actuator 162 and to a first baseplate 168, and is 
extendible along the y-axis. The first baseplate 168 is slideably coupled to a pair of first 
auxiliary rails 170 mounted on a second baseplate 172. Similarly, the second baseplate 170 
is slideably coupled to second auxiliary rails 174 mounted on the x-axis carriage 122. As 

35 best shown in FIGURE 5, the first auxiliary rails 170 are approximately parallel with the x- 
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axis. 
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axis, and the second auxiliary rails 1 74 are approximately parallel with the z-axis. A second 
(or x-axis) actuator 176 is coupled between the first baseplate 168 and the second baseplate 
172, and is extendible along the x-axis. A third (or z-axis) actuator 178 is coupled between 
the second baseplate 172 and to the x-axis carriage 122, and is extendible along the z-axis. 
The first, second, and third actuators 166, 176, 178 may be operatively coupled to the 
controller 134. Thus, the first, second, and third actuators 166, 176, 178 may be used to 
controllably position the clamp-up pin 164 of the opposing- force support assembly 160 at a 
desired location along the y-axis, the x-axis, and the z-axis, respectively. 

It will be appreciated that the clamp-up actuator 162 may be any type of suitable 
actuator, including a hydraulic, pneumatic, or electrically-driven actuator. Similarly, the 
first, second and third actuators 166, 176, 178 may be hydraulic, pneumatic, electric, or any 
other suitable type of actuators. In one particular embodiment, the first, second and third 
actuators 166, 176, 178 are so-called "return to home" pneumatic actuators that are coupled 
by one or more pneumatic supply lines 179 (FIGURES 4 and 5) to a source of pressurized air 
(not shown). 

In operation, the manufacturing assembly 100 may be mounted onto the workpiece 
102 and vacuum may be provided to the vacuum assemblies 1 14, thereby securing the track 
assembly 1 10 in a desired position. A hole 103 may be formed in the workpiece 102 in any 
desired manner, such as during fabrication of the workpiece 102, or using the tool assembly 
150 or another drilling device. Next, the clamp-up pin 164 may be positioned in the hole 
103. The positioning of the clamp-up pin 164 into the hole 103 may be accomplished in a 
variety of ways. For example, the position of the clamp-up pin 164 along the x-axis may be 
accomplished by controllably positioning the x-axis carriage 122 using the first drive motor 
130, or controllably positioning the first baseplate 168 along the first auxiliary rails 170 using 
the second actuator 176, or by a combination of both of these methods. Similarly, the 
position of the clamp-up pin 164 along the y-axis may be accomplished by controllably 
positioning the y-axis carriage 124 using the second drive motor 140, or by controllably 
actuating the first actuator 166, or both. Finally, the position of the clamp-up pin 164 along 
the z-axis may be accomplished by controllably positioning the second baseplate 172 along 
the second auxiliary rails 170 using the third actuator 178. In one particular embodiment, the 
x-axis and y-axis carriages 122, 124 are employed to perform coarse, relatively large scale 
positioning, and the second and first actuators 176, 166 are used to provide finer, relatively 
small scale positioning of the clamp-up pin 164 along the x- and y-axes, respectively. 

The above-described positioning of the opposing- force support assembly 160 may be 
accomplished in an automated or semi-automated manner using the controller 134 equipped 
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with conventional, computerized numerically-controlled (CNC) methods and algorithms. 
Alternately, the positioning may be performed manually by an operator, such as, for 
example, by temporarily disabling or neutralizing the above-referenced motors and actuators 
of the carriage and clamp-up assemblies 120, 160 to permit the opposing- force support 
5 assembly 160 to be positioned manually. 

With further reference to FIGURES 1-5, after the clamp-up pin 164 is positioned 
within the hole 103, the clamp-up actuator 162 may be actuated to securely engage the 
clamp-up pin 164 within the hole 103, thereby fixing the position of the opposing- force 
support assembly 160 with respect to the workpiece 102. After the clamp-up assembly 160 is 

10 securely engaged with the workpiece 102, the tool assembly 150 may be used to perform 
manufacturing operations on the workpiece 102. Specifically, in the embodiment shown in 
FIGURES 1-3, the drill spindle module 152 may be operated to drill one or more additional 
holes 103 into the workpiece 102. For example, the additional holes 103 may be created by 
controllably positioning the tool assembly 150 using the carriage assembly 120 in an 

15 automated or semi-automated manner using the controller 134 and conventional CNC 
methods and algorithms. Because the opposing- force support assembly 160 is moveably 
secured to the carriage assembly 120, the carriage assembly 120 may be used to re-position 
the tool assembly 150 without detaching the opposing-force support assembly 160 from the 
workpiece 102. Thus, with the opposing-force support assembly 160 secured to the 

20 workpiece 102, the tool assembly 150 may be successively and repeatedly repositioned at a 
plurality of desired locations on the workpiece 102 to perform manufacturing operations. 

After one or more manufacturing operations have been performed on the workpiece 
102, the opposing-force support assembly 160 may be detached from the workpiece 102 by 
deactivating the clamp-up actuator 162 and removing the clamp-up pin 164 from the hole 

25 103. If desired, the opposing-force support assembly 160 may then be repositioned to a new 
location and may be secured again to the workpiece 102 by inserting the clamp-up pin 164 
into a different hole 103 (such as one of the newly formed holes) and actuating the opposing- 
force support assembly 160 in the manner described above. With the opposing-force support 
assembly 160 secured to the workpiece 102 in the new location, additional manufacturing 

30 operations may be conducted on the workpiece 102 as desired. 

Manufacturing assemblies having opposing support systems in accordance with the 
teachings of the present invention may advantageously improve the quality of manufacturing 
operations on a workpiece. Because the opposing-force support assembly 160 opposingly 
supports (or counterbalances) the workpiece during the application of forces on the 

35 workpiece by the tool assembly 150, the workpiece 102 may be less likely to bend or deflect 
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during the manufacturing process, especially for relatively thin or relatively flexible 
workpieces. Since deflections of the workpiece 102 may be reduced or eliminated, the 
orientation of the tool assembly 150 with respect to the workpiece 102 may be more easily 
maintained by the carriage assembly 120. Thus, the manufacturing operations may be more 
5 accurately and consistently conducted using the manufacturing assembly 100. Because the 
manufacturing operations may be more accurately and consistently performed, the costs 
associated with inspecting and reworking the workpiece 102 during the manufacturing 
operation may be reduced. 



10 may also improve the speed with which manufacturing operations may be performed. 
Because the opposing- force support assembly 160 provides opposing support to the 
workpiece 102 during manufacturing operations, the tool assembly 150 may be more 
forcefully applied to the workpiece 102. In this way, the speed with which the 
manufacturing operations are performed may be increased, and the efficiency and throughput 

15 of the manufacturing operations may be improved. 

It will be appreciated that a wide variety of suitable embodiments of opposing support 
assemblies 160 may be conceived in accordance with the teachings of the present invention. 
For example, a variety of clamp-up pins 164 and clamp-up actuators 162 are known that may 
be employed to secure the opposing- force support assembly 160 to the workpiece 102, 

20 including, for example, a collet device of the type generally disclosed in U.S. Patent No. 
4,396,318 issued to Jensen et al., U.S. Patent No. 5,395,187 issued to Slesinski et aL, and 
U.S. Patent No. 6,036,409 issued to Rissler, or a clamping device of the type generally 
disclosed in U.S. Patent No. 5,482,411 issued to McGlasson and U.S. Patent No. 6,283,684 
Bl issued to Jarvis. In one alternate embodiment, the hole 103 may be a threaded hole 103, 

25 and the clamp-up pin 164 may be a threaded member that threadedly engages the threaded 
hole 103. In further embodiments, the clamp-up pin 164 and clamp-up actuator 162 may be 
replaced with any other suitable securing devices, including one or more of the above- 
referenced vacuum cup assemblies 114, magnets, or other electro-magnetic apparatus, such 
as, for example, an apparatus that exerts a force on a workpiece in a manner similar to the 

30 electromagnetic dent remover apparatus commercially-available from Electroimpact, Inc. of 
Everett, Washington. 

It may also be appreciated that manufacturing assemblies in accordance with the 
present invention, including the particular embodiment of the manufacturing assembly 100 
described above, may be used to provide opposing support to a wide variety of 
35 manufacturing tools, and that the teachings of the present invention are not limited simply to 



The manufacturing assembly 100 having the opposing- force support assembly 160 
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manufacturing operations that involve drilling. For example, manufacturing assemblies 
having opposing support assemblies in accordance with the present invention may be used to 
support riveters, mechanical and electromagnetic dent pullers, welders, wrenches, clamps, 
sanders, nailers, screw guns, or virtually any other desired type of manufacturing tools or 
5 measuring instruments. 

It may also be appreciated that a variety of alternate embodiments of apparatus and 
methods may be conceived in accordance with the present invention, and that the invention is 
not limited to the particular apparatus and methods described above and shown in the 
accompanying figures. For example, it may be noted that the carriage assembly 120 and the 

10 track assembly 110 may assume a wide variety of alternate embodiments. For example, in 
one embodiment, the opposing-force support assembly 160 may be coupled to the rail and 
carriage assembly taught by U.S. Patent No. 4,850,763 issued to Jack et al In yet another 
embodiment, the opposing-force support assembly 160 may be used in combination with any 
of the carriage assemblies and track assemblies disclosed in co-pending, commonly owned 

15 U.S. Patent Application No. 10/016,524, which application is incorporated herein by 
reference. 

Specifically, FIGURE 6 is an upper isometric view of a track assembly 210 and a 
carriage assembly 220 that may be used in a manufacturing assembly having an opposing- 
force support assembly 160 in accordance with an alternate embodiment of the invention. 

20 FIGURES 7 and 8 are upper and lower isometric partial views, respectively, of the track 
assembly 210 and the carriage assembly 220 of FIGURE 6. As shown in FIGURES 6-8, the 
track assembly 210 includes a pair of rails 22, 24 to which a plurality of attachment devices, 
preferably in the form of vacuum cup assemblies 114 (FIGURES 1-3) are releasably affixed 
at spaced intervals along the length of each rail. The rails 22, 24 preferably have a width 

25 substantially greater than their thickness such that they are substantially stiffer in bending 
about an axis that extends in the thickness direction than they are about an axis that extends 
in the width direction. The rails 22, 24 are oriented approximately parallel to each other, 
although the lateral spacing between the rails 22, 24 can vary when the rails 22, 24 are 
mounted on a compound-contoured workpiece surface. Preferably, the rails 22, 24 are 

30 rigidly affixed to each other at only one end by a connecting member 28a, which fixes the 
lateral spacing between the rails at that end. At other locations along the rails 22, 24, the 
spacing between the rails 22, 24 can vary as noted. There can be another connecting member 
28b at the opposite end of the rails 22, 24, but this connecting member 28b may provide a 
"floating" connection that allows the spacing between the rails 22, 24 to adjust as needed 

35 depending on the contour of the workpiece 102 surface. 
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The widths of the rails 22, 24 extend substantially parallel to the surface of the 
workpiece 102 when the vacuum cup assemblies 114 are attached to the workpiece surface 
102. Because the rails 22, 24 may bend relatively easily about the widthwise directions and 
to twist about their longitudinal axes, the rails 22, 24 may flex and twist as needed to 
5 substantially follow the surface of the workpiece 102 and the vacuum cup assemblies 114 
maintain each rail at a substantially constant distance from the surface of the workpiece 102. 
In this manner, the major surfaces of the rails 22, 24 may be substantially perpendicular to 
the surface normal of the workpiece 102 at any point along each rail. 

With continued reference to FIGURES 6-8, mounted on the rails 22, 24 is a carriage 

10 assembly 220 that may translate along the rails 22, 24 by virtue of rollers 32 that are mounted 
on an x-axis carriage 30 of the carriage 220 and engage the rails 22, 24. The x-axis carriage 
30 of the carriage assembly 220 in the illustrated embodiment comprises a plate- shaped 
member. The rollers 32 are mounted along each of the opposite side edges of the x-axis 
carriage 30. More particularly, spring plates 34 and 36 (best shown in FIGURE 8) are 

15 attached to the x-axis carriage 30 adjacent to a lower surface thereof at each of the opposite 
side edges of the x-axis carriage 30. The spring plates 34, 36 are affixed to the x-axis carriage 
30 at locations 37 (FIGURE 8) spaced inwardly from the opposite ends of the spring plates 
34, 36, such that each spring plate has two opposite end portions that are cantilevered from 
the x-axis carriage 30. The rollers 32 are mounted on these cantilevered end portions of the 

20 spring plates 34, 36. There are two opposing rollers 32 mounted on each cantilevered end 
portion of each of the spring plates 34, 36. Each rail 22, 24 is received between the opposing 
rollers 32. The rails 22, 24 preferably have V-shaped edges engaged by the rollers 32, and 
the rollers 32 are V-groove rollers having V-shaped grooves that receive the V-shaped edges 
of the rails 22, 24. The rollers 32 thus prevent relative movement between the rollers 32 and 

25 rails 22, 24 in the direction along the rotational axes of the rollers 32, which axes are 
substantially normal to the workpiece surface 102. 

The spring plates 34, 36 on which the rollers 32 are mounted may flex and twist as 
needed (i.e. as dictated by the contour of the workpiece surface 102 as the carriage assembly 
220 traverses the rails 22, 24) to allow a limited degree of relative movement to occur 

30 between the x-axis carriage 30 and the rollers 32. This is facilitated by making the spring 
plates 34, 36 relatively narrow at their middles and wider at their ends, so that the plates 34, 
36 preferentially bend and twist at approximately the middle rather than at the ends where the 
rollers 32 are mounted. Thus, a limited degree of relative movement can occur between the 
x-axis carriage 30 and the rails 22, 24. The net result is that the x-axis carriage 30 enables 

35 the carriage assembly 220 to traverse the rails 22, 24 along the x-axis (i.e. the axis parallel to 

- 10 - Black Lowe & Graham pllc 

_ . _ BING-1-1003AP ni s r i * 

lOI ^ 816 Second Avenue 

° 1 ° Seattle, Washington 98104 

PATENT TRADEMARK OFFICE 206.381.3300 • F: 206.381. 3301 



10 



15 



20 



25 



30 



the length direction of the rails 22, 24) even though the rails 22, 24 may be bending and 
twisting in somewhat different ways relative to each other. In effect, the rails 22, 24 conform 
to the contour of the workpiece 102 and thus approximate a normal to the surface at any 
point along the path defined by the rails 22, 24. Consequently, a reference axis of the 
carriage assembly 220 (in the illustrated embodiment, a z-axis normal to the plane of the x- 
axis carriage 30) is maintained substantially normal to the workpiece 102 at any position of 
the carriage assembly 220 along the rails 22, 24. 

As best shown in FIGURE 6, a rack 38 for a rack and pinion arrangement is mounted 
along the surface of the rail 24 that faces the spring plate 36, and the carriage assembly 220 
includes a first motor 40 and associated gearbox 42 mounted on the spring plate 36. An 
output shaft from the gearbox 42 has a pinion gear 44 mounted thereon, and the spring plate 
36 includes a window 46 (FIGURE 7) that the pinion gear 44 extends through to engage the 
rack 38 on the rail 24. Thus, rotation of the pinion gear 44 by the first motor 40 drives the 
carriage assembly 220 along the rails 22, 24. It may be appreciated that the rail 24 having the 
rack 38 comprises a reference rail relative to which the x-axis positioning of the carriage 
assembly 220 may be performed. No attempt is necessary to determine or control the x-axis 
positioning of the carriage assembly 220 relative to the other rail 22. 

To improve accuracy of the x-axis position of the carriage assembly 220, the pinion 
gear 44 may have a constant height relative to the rack 38 at any point along the reference 
rail 24. To accomplish this height control, the rotation axis of the pinion gear 44 may 
preferably lie in the same plane as that defined by the rotational axes of the two rollers 32 
mounted on the end of the spring plate 36. More particularly, the axes of the rollers 32 may 
be substantially parallel to each other and substantially normal to the workpiece surface 102, 
and the axis of the pinion gear 44 may be substantially parallel to the workpiece surface 102 
and may lie in the plane of the roller axes. 

As further shown in FIGURES 6-8, the carriage assembly 220 further includes a y- 
axis carriage 50 slideably mounted atop the x-axis carriage 30 so that the y-axis carriage 50 
can slide back and forth along a y-axis direction perpendicular to the x-axis direction. More 
particularly, rails 52, 54 are affixed to the opposite edges of the x-axis carriage 30, and 
rollers 56 are mounted on the y-axis carriage 50 for engaging the rails 52, 54. A rack 58 for a 
rack and pinion arrangement is affixed to the x-axis carriage 30 along the edge thereof 
adjacent to the rail 54 (see FIGURE 7). A second motor 60 and associated second gearbox 
62 are mounted on a plate 64 that is affixed to the y-axis carriage 50 adjacent to the rack 58. 
The plate 64 includes a window therethrough, and the output shaft of the second gearbox 62 
extends through the window and drives a pinion gear 66 that engages the rack 58. Thus, 
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rotation of the pinion gear 66 by the second motor 60 drives the second base member along 
the rails 52, 54 in the y-axis direction. 

As shown in FIGURE 6, mounted atop the y-axis carriage is a clamp ring assembly 
70. The clamp ring assembly 70 may be used to support and secure a tool assembly 150, 
5 such as the drill spindle module 152 described above. The tool assembly 150 may be 
extended through a window in the y-axis carriage 50 (visible in FIGURE 7), and through a 
window in the x-axis carriage 30 (visible in FIGURE 8) that is elongated in the y-axis 
direction. The axis of the tool assembly 150 may be approximately parallel to the z-axis, and 
thus may be substantially normal to the workpiece 102. 

10 In operation, the opposing-force support assembly 160 described above with 

reference to FIGURES 1-5 may be coupled to the carriage assembly 220 shown in FIGURES 
6-8 in any suitable manner, and a manufacturing tool assembly 150 may be coupled to the 
carriage assembly 220 (e.g., to the clamp ring assembly 70). Manufacturing operations may 
then be performed substantially in accordance with the procedures and methods described 

15 above. Movement of the carriage assembly 220 along the x-axis may be provided by a 
combination of force applied by the operator 104 and/or by the first motor 40. Similarly, 
positioning of the manufacturing tool along the y-axis may be provided by a combination of 
force applied by the operation 104 and/or the second motor 60. In further embodiments, 
gross positioning of the manufacturing tool may be provided by the first and second motors 

20 40, 60, and fine positioning may be provided by the operator 104, or vice versa. Thus, the 
above-described advantages may be achieved using alternate embodiments of track 
assemblies and carriage assemblies to create additional embodiments of manufacturing 
assemblies in accordance with the teachings of the present invention. 

While specific embodiments of the invention have been illustrated and described 

25 herein, as noted above, many changes can be made without departing from the spirit and 
scope of the invention. Accordingly, the scope of the invention should not be limited by the 
disclosure of the specific embodiments set forth above. Instead, the invention should be 
determined entirely by reference to the claims that follow. 
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